, is approved to treat chronic hepatitis C virus (HCV) infection. Here, we report key preclinical antiviral properties of LDV, including in vitro potency, in vitro resistance profile, and activity in combination with other anti-HCV agents. LDV has picomolar antiviral activity against genotype 1a and genotype 1b replicons with 50% effective concentration (EC 50 ) values of 0.031 nM and 0.004 nM, respectively. LDV is also active against HCV genotypes 4a, 4d, 5a, and 6a with EC 50 values of 0.11 to 1.1 nM. LDV has relatively less in vitro antiviral activity against genotypes 2a, 2b, 3a, and 6e, with EC 50 values of 16 to 530 nM. In vitro resistance selection with LDV identified the single Y93H and Q30E resistance-associated variants (RAVs) in the NS5A gene; these RAVs were also observed in patients after a 3-day monotherapy treatment. In vitro antiviral combination studies indicate that LDV has additive to moderately synergistic antiviral activity when combined with other classes of HCV direct-acting antiviral (DAA) agents, including NS3/4A protease inhibitors and the nucleotide NS5B polymerase inhibitor SOF. Furthermore, LDV is active against known NS3 protease and NS5B polymerase inhibitor RAVs with EC 50 values equivalent to those for the wild type.
H
epatitis C virus (HCV) infection is a significant global health challenge with an estimated 150 million individuals infected worldwide (1, 2) . Several direct-acting antiviral (DAA) agents have been approved to treat patients with HCV, including the nucleotide analog NS5B polymerase inhibitor sofosbuvir (Sovaldi; SOF) and the NS5A inhibitor ledipasvir (LDV) (3) (4) (5) .
The availability of SOF represents a major advance in the treatment of HCV infection as SOF-based regimens are shorter in duration, are better tolerated, and result in higher sustained virologic response (SVR) rates than prior therapies (6) . Combinations of DAAs, including a fixed-dose combination of LDV and SOF (Harvoni), obviate administration of pegylated interferon (Peg-IFN) and ribavirin (RBV) in patients with certain genotypes of HCV (7) (8) (9) . Harvoni is approved in the United States for patients with genotype 1 HCV infection following 8 to 24 weeks of treatment across treatment-naive and treatment-experienced patients and in patients with cirrhosis (4) . LDV inhibits HCV replication by targeting the NS5A protein, which is an essential viral protein that plays roles in both viral RNA replication and the assembly of HCV virions (10, 11) . Recently, LDV was shown to inhibit NS5A through direct binding to the NS5A protein, and resistance to LDV was shown to be the result of lower binding affinity to NS5A mutants (12) . Targeting NS5A has been validated clinically, as treatment with NS5A inhibitors elicits a rapid decline of HCV viral load (13, 14) and enhanced SVR rates when combined with Peg-IFN and RBV (15) or other DAAs, including SOF (7, 8, 16) .
Here, we describe key preclinical antiviral properties of LDV, including in vitro potency against genotype 1 to 6 HCV, antiviral selectivity, in vitro resistance profile, cross-resistance profile, and combination activity.
Unless noted otherwise, all cells and replicon cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM) with GlutaMAX (Invitrogen [Gibco] , Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT), 100 U/ml penicillin, 100 g/ml streptomycin, 0.1 mM nonessential amino acids (Invitrogen), and 0.5 mg/ml of G-418 (Invitrogen). HEp-2 cells were maintained in minimum essential medium (MEM) supplemented with 10% FBS. Huh7-Lunet and Lunet-CD81 cells were maintained in DMEM supplemented with 10% FBS only. AD-38 cells were maintained in DMEM-F-12 medium supplemented with 10% FBS, 50 g/ml penicillin, 50 g/ml streptomycin, 20 g/ml gentamicin, and 0.4 mg/ml G-418 (Invitrogen). MT-4 cells were maintained in RPMI 1640 medium supplemented with 100 U/ml penicillin, 10 g/ml streptomycin, and 10% FBS.
Construction of genotype 1a, 1b, 2a, 2b, 3a, 4a, 4d, 5a, 6a, and 6e HCV subgenomic and NS5A chimeric replicons. Genotype 1a subgenomic replicon H77/SG-RlucNeo (H77 strain), genotype 1b subgenomic replicon Con1/SG-hRlucNeo (Con-1 strain), and genotype 2a subgenomic replicon JFH-1/RlucNeo2a were described previously (21, 22) . Subgenomic replicons GT3a-PI-hRluc, GT4aED43SG, and GT6aRlucNeoSG were established recently (18, 23, 24) . Replicons H77, HSG-51, HSG-57, 1a-HGluc-1, 1a-HGluc-2, 1a-Sf9Rluc-1, 1a-Sf9Rluc-2, Con-1, Huh-luc, and SL-3 have previously been described (25, 26) .
Plasmids encoding genotype 2a and 2b NS5A chimeric replicons, pRluNeo2a-J6NS5A, pRlucNeo2a-MD2b8-2NS5A, and pRluNeo2a-MD2b-1NS5A, were constructed by cloning genotype 2a (J6 strain) and 2b (MD2b8-2 and MD2b-1 strains) full-length NS5A genes into the above genotype 2a JFH-1 replicon backbone pRlucNeo2a, respectively. DNA fragments which carried the 264-nucleotide sequence for the NS4B C-terminal sequence from the genotype 2a JFH-1 strain, the full-length NS5A gene from the genotype 2a J6 strain or the genotype 2b MD2b8-2 or MD2b-1 strain, and the 122-nucleotide sequence for the NS5B N-terminal sequence of the JFH-1 strain were synthesized by GenScript (Piscataway, NJ).
Plasmid pGT4d Neo FJ 462437 QC, encoding a subgenomic genotype 4d replicon based on the HCV isolate QC382 (GenBank accession no. FJ462437), and plasmid pGT6aSUBID6636SG (GSI6a-1), encoding a subgenomic genotype 6a replicon based on the sequence of an HCV isolate (SUBID 6636), were prepared by DNA synthesis (GenScript). Genotype 5a and 6e NS5A chimeric replicons, pGT1b-PI-Rluc-GT5a-SA13NS5A(9 -184) and pGT1b-PI-Rluc-GT6e-D88NS5A(9 -184), were constructed by cloning genotype 5a strain SA13 and 6e strain D88 NS5A nucleotide sequences encoding N-terminal amino acids 9 to 184 into genotype 1b Con-1 replicon backbone pGT1b-PI-Rluc (23), respectively (full-length NS5A chimeric replicons were constructed but did not replicate sufficiently for antiviral assays). To construct these NS5A chimeric replicons, DNA fragments were synthesized by GenScript (Piscataway, NJ); these fragments include the restriction site AseI in NS4B to the 24-nucleotide sequence encoding the N-terminal sequence of NS5A from genotype 1b, the NS5A nucleotide sequence coding for amino acids 9 to 184 of genotype 5a strain SA13 or 6e strain D88, and the nucleotide sequence from encoding the amino acid 185 of NS5A to the restriction site BclI in NS5B from genotype 1b.
Generation of replicon RNA for transient transfection. Genotype 1a replicon plasmids were linearized with HpaI. The genotype 1b replicon and other replicon plasmids based on the genotype 1b backbone were linearized with SpeI. The genotype 2a replicon and other replicon plasmids based on the genotype 2a backbone were linearized with XbaI. Linearized replicon constructs were purified using a PCR purification kit (Qiagen, Valencia, CA). RNA was synthesized with T7 MEGAscript reagents (Ambion, Austin, TX) according to the manufacturer's suggested protocol, and reactions were stopped by digestion with RNase-free DNase. RNA was purified by column purification using an RNeasy kit (Qiagen) according to the manufacturer's instructions.
Resistance selection and genotypic analysis of resistant replicon clones. Stable replicon cells (2 ϫ 10 5 of genotype 1a or 1b) were seeded in 10-cm tissue culture dishes. After overnight culture, cells were treated with 0.5 mg/ml G-418 along with several concentrations of LDV. After 3 weeks, surviving colonies were isolated and expanded. Total RNAs were extracted from drug-resistant or wild-type replicon cells using an RNeasy minikit (Qiagen). The cDNA of the entire NS5A coding sequence was synthesized using the MonsterScript 1st-Strand cDNA synthesis kit (Epicentre Biotechnologies, Madison, WI). PCR products were sequenced by Elim Biopharmaceuticals Inc. (Hayward, CA). Changes in amino acid residues were identified by comparing the NS5A protein sequences between drug-selected and parental replicons.
Cross-resistance studies. PI-hRluc, a bicistronic replicon carrying the Renilla luciferase (Rluc) gene downstream of the poliovirus internal ribosome entry site (IRES) and the genotype 1b (Con-1 strain) HCV nonstructural genes (NS3 to NS5B) downstream of the encephalomyocarditis virus (EMCV) IRES, was used for transient-transfection studies (27) . NS3 and NS5B mutations were introduced into a plasmid encoding the PIRluc replicon using a QuikChange II XL mutagenesis kit, according to the manufacturer's instructions (Stratagene, San Diego, CA). Mutations were confirmed by DNA sequencing. Replicon RNAs were transcribed in vitro from replicon-encoding plasmids using a MEGAscript kit (Ambion). In vitro-transcribed replicon RNAs were transfected into 1C cells as described previously (21, 24) . Antiviral combination assays. HCV and HIV inhibitor combination assays were performed in either HCV GT1a replicons or MT-4 cells. Serial dilutions were performed in 384-well polypropylene plates (Greiner BioOne, Monroe, NC) using a Biomek FX workstation. For combination studies, test compound A was serially diluted at a 1:3 ratio in columns 3 to 20 of the first 384-well plate to form a horizontal 10-point dose response. Test compound B was plated in three different concentrations in the second 384-well plate together with a dimethyl sulfoxide (DMSO) control. The combination of the first and second serial dilution plates resulted in the third serial dilution plate, which contained the combination of compounds A and B. For each individual drug, the 50% effective concentration (EC 50 ) was selected as the midpoint for the concentration range tested. All serial dilutions were performed in four replicates per compound within the same 384-well plate. One hundred percent DMSO was added into columns 1 and 2 of each serial dilution 384-well plate. For HCV replicon assays, an HCV protease inhibitor (PI), ITMN-191, was added into column 23 at 100 M as a control for 100% inhibition of HCV replication while puromycin at 10 mM was added into column 24 as a control for 100% cytotoxicity. For anti-HIV MT-4 assays, zidovudine (AZT) was added into column 23 at 2.5 M as a control of 100% inhibition on HIV while puromycin at 10 mM was added into column 24 as a control for 100% cytotoxicity.
EC 50 and 50% cytotoxic concentration (CC 50 ) were determined as described below in stable replicon antiviral assays. Data were analyzed using the MacSynergy II program developed by Prichard and Shipman (28) (29) (30) . Accordingly, combination effects are defined by the produced volume of surface deviations (volumes are expressed as M concentration times M concentration times percentage, or M 2 %): strong synergy, Ͼ100 M 2 %; moderate synergy, Ͼ50 and Յ100 M 2 %; minor synergy, Ͼ25 and Յ50 M 2 %; additivity, Յ25 and ϾϪ25 M 2 %; minor antagonism, ՅϪ25 and ϾϪ50 M 2 %; moderate antagonism, ՅϪ50 and ϾϪ100 M 2 %; strong antagonism, ՅϪ100 M 2 %. Stable HCV replicon antiviral assays in 384-well format. Stable replicon cell lines were assayed in 384-well plates (Greiner Bio-One, Monroe, NC; cell culture treated). The HCV replicon assay is a multiplex assay, assessing both cytotoxicity and antiviral activity in the same well. CC 50 assays were performed first. The medium in the 384-well cell culture plate was aspirated, and wells were washed four times with 100 l phosphatebuffered saline (PBS; with Ca 2ϩ and Mg 2ϩ ), using a BioTek ELX405 plate washer. Fifty microliters of a solution containing 400 nM calcein AM (Anaspec, Fremont, CA; catalog no. 25200-056) in PBS was added to each well of the plates with a BioTek Flow workstation. Plates were incubated for 30 min at room temperature before the fluorescence signal (excitation, 490 nm; emission, 520 nm) was measured with a PerkinElmer Envision plate reader (PerkinElmer, Waltham, MA).
EC 50 assays were performed next. The calcein-PBS solution in 384-well cell culture plates was aspirated with a BioTek ELX405 plate washer. Twenty microliters of Dual-Glo luciferase buffer (Promega) was added to each well of the plates with a BioTek Flow workstation. Plates were incubated for 10 min at room temperature. Twenty microliters of a solution containing a 1:100 mixture of Dual-Glo Stop & Glo substrate (Promega) and Dual-Glo Stop & Glo buffer (Promega) was added to each well with a BioTek Flow workstation. Plates were incubated at room temperature for 10 min before the luminescence signals were measured with a PerkinElmer Envision plate reader.
HCV transient-transfection replicon antiviral assays in 384-well and 96-well format. In vitro-transcribed replicon RNAs were transfected into 1C cells as described previously (21, 24) . Cells were subsequently transferred into prewarmed culture medium and seeded into 384-well plates at 2 ϫ 10 3 cells per well in a total volume of 90 l of DMEM culture medium. Low-replicating replicons were seeded into 96-well plates at 2 ϫ 10 4 cells per well in a total volume of 200 l of DMEM culture medium, to improve detection of luciferase signals. After cell attachment was allowed for 4 h, 384-well plates were dosed with serially diluted compound as described previously (22) . Ninety-six-well-plate cells were dosed with compound serially 3-fold diluted and dispensed using the HP D300 digital dispenser (Hewlett-Packard Company, Corvallis, OR) at a final concentration of 0.5% DMSO. Plates were incubated at 37°C for 3 days, after which culture medium was removed and cells were lysed and assayed for Rluc activity using a commercial Rluc assay (Promega) and a PerkinElmer Envision plate reader for 384-well plates or a Victor instrument for 96-well plates as described previously (22) .
Data analysis. Fifty percent effective concentrations (EC 50 values) against HCV replicons were calculated by nonlinear regression as described previously (22) .
RESULTS
Antiviral activity in cell-based assays. The antiviral activity of LDV was determined using a panel of HCV replicons, representing prevalent NS5A sequences for genotypes 1 to 6 in standard 3-day cell-based replicon assays. LDV has picomolar antiviral activity against genotype 1a (H77 isolate) and genotype 1b (Con-1 isolate) replicons with EC 50 values of 0.031 nM and 0.004 nM, respectively (Table 1 ). In addition, LDV showed similar antiviral activity in other genotype 1 HCV replicon assays, including those using either different HCV isolates or different cellular backgrounds (Table 2) .
LDV has various levels of antiviral activity against genotypes 2 to 6, with EC 50 values ranging from 0.11 nM to 530 nM (Table 1) . LDV has an EC 50 of 21 nM against the genotype 2a JFH-1 replicon, which has leucine at amino acid position 31 (L31) in NS5A, but has 12-fold less activity (EC 50 , 249 nM) against the 2a J6 HCV strain, which has methionine at position 31 (M31). Similarly, LDV has differential activities against genotype 2b replicons that have L31 or M31 in NS5A, with EC 50 values of 16 nM (2b MD2b8-2, L31) and 530 nM (2b MD2b-1, M31), respectively. LDV is active against genotypes 4a, 4d, 5a, and 6a, with EC 50 values of 0.39 nM, 0.29 nM, 0.15 nM, and 0.11 to 1.1 nM, respectively. LDV has relatively less in vitro antiviral activity against genotypes 3a and 6e, with EC 50 values of 168 nM and 264 nM, respectively. Antiviral selectivity in cell-based assays. The antiviral activity of LDV was tested against viruses other than HCV in cellbased assay systems. These viruses include five closely related viruses (bovine viral diarrhea virus [BVDV], West Nile virus, yellow fever virus, dengue virus, and Banzi virus), as well as six unrelated viruses, including respiratory syncytial virus (RSV), human rhinovirus, influenza A virus, influenza B virus, hepatitis B virus (HBV), and HIV. LDV showed active antiviral activity against HCV with an EC 50 of 0.004 nM (Table 3 ). In contrast, EC 50 values against the 11 other viruses were Ͼ10,000 nM, indicating that LDV is highly selective for HCV compared with other tested viruses.
In vitro resistance selection and analyses. To define the in vitro resistance profile of LDV, drug-resistant colonies were selected and then isolated (or pooled) after treating stable genotype 1a or 1b replicon cells with LDV for 3 weeks. Genotypic analyses of resistant replicon RNA and subsequent phenotypic analyses of mutations emerging in the NS5A gene identified Y93H as the primary resistance-associated variant (RAV) to LDV in genotypes 1a and 1b, with Q30E also observed in genotype 1a (Table 4) . Y93H conferred 3,309-and 1,319-fold resistance to LDV in transient replicon assays of genotypes 1a and 1b, respectively (Fig. 1) . However, LDV remained a relatively active inhibitor of genotype 1b replicons encoding this Y93H mutation (EC 50 of 5.3 nM compared to the EC 50 of 103 nM in genotype 1a). Q30E in genotype 1a conferred 952-fold resistance to LDV. Both Y93H and Q30E conferred cross-resistance to daclatasvir (DCV) (Fig. 1) . Cross-resistance evaluation. To investigate whether known RAVs of other classes of HCV DAAs confer cross-resistance to LDV, transient transfection was used to assay the LDV susceptibility of genotype 1b HCV replicons carrying mutations for resistance to NS3/4A protease inhibitors or several classes of nucleoside and nonnucleoside NS5B polymerase inhibitors. LDV was fully active (Ͻ2-fold change in EC 50 versus wild type) against all tested RAVs selected by NS3/4A protease inhibitors (V36M, T54A, R155K, A156T, and D168V), active-site NS5B inhibitors (S282T), nonnucleoside NS5B thumb site II inhibitors (M423T and M419T), palm site III inhibitors (M414T), and palm site III/IV inhibitors (Y448H and C316Y) (Fig. 2) . Wild-type EC 50 values and mutant EC 50 shifts for the control NS3 protease inhibitor (BILN-2061) and nucleoside NS5B polymerase inhibitor (2=-C-Me-A) agreed with historical results (data not shown). As expected, LDV showed reduced activity (25-to 327-fold) against NS5A RAVs selected in genotype 1a patients during 3-day monotherapy with LDV in a phase 1 study (13, 14) .
Combination activities. LDV is or will be used in combination with other classes of anti-HCV agents for the treatment of chronic HCV infection. Therefore, we assessed antiviral drug interactions with IFN-␣, ribavirin, and NS3 protease inhibitors as well as nucleotide and nonnucleoside NS5B polymerase inhibitors. Additive to moderately synergistic in vitro antiviral activities were observed when LDV was combined with other HCV inhibitors (Table 5) . LDV had minor antiviral synergy when combined with IFN-␣ and moderate antiviral synergy when combined with RBV. Combinations of LDV with other DAAs, including the NS3/4A protease inhibitors GS-9451 and simeprevir (SMV) and the NS5A inhibitor DCV, as well as nucleotide (SOF) or nonnucleoside (GS-9669) NS5B polymerase inhibitors, resulted in additive to minor synergistic antiviral activity. Importantly, neither significant antagonism nor additive cytotoxicity were observed when LDV was combined with any other inhibitor.
HCV and HIV coinfection is a common comorbidity worldwide. Fifteen to 30% of HIV-infected patients are also infected with HCV, and coinfected patients have a significantly higher rate of HCV disease progression, resulting in high mortality rates due to liver disease in this population (31) . As such, any treatment for the cure of HCV infection would ideally be compatible with antiretroviral medications utilized for treatment of HIV, and in vitro combination studies were performed combining LDV with two common HIV inhibitors of various classes. The HIV nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs) TFV and FTC, nonnucleoside reverse transcriptase inhibitors (NNRTIs) EFV and RPV, protease inhibitors (PIs) ATV and DRV, and integrase strand transfer inhibitors (INSTIs) EVG and RAL were tested in combination with LDV. As seen in Tables S1 and S2 in the supplemental material, LDV EC 50 values were similar regardless of the presence of any of the HIV inhibitors at the concentrations tested. The EC 50 values for all of the HIV inhibitors tested were similar regardless of the presence of LDV at the concentrations tested. These data indicate that there is no antagonistic effect between LDV and these HIV inhibitors in vitro. Furthermore, no additive cell toxicity was observed in these experiments. 
DISCUSSION
LDV has picomolar and selective antiviral activity in multiple HCV genotype 1a and 1b replicon cell lines, with EC 50 values of 0.031 nM and 0.004 nM, respectively (Table 1) , and has low cellular toxicity (CC 50 , Ն10,000 nM [ Table 3] ). This potency, combined with the long plasma half-life of LDV in patients (13), results in significant antiviral activity in patients with genotype 1a and 1b HCV infection at low doses during 3 days of monotherapy (median maximal reduction in HCV RNA of Ͼ3 log 10 IU/ml from baseline with 3-mg once-a-day [QD] dosing) (13) . LDV is also active against genotypes 4a, 4d, 5a, and 6a, with EC 50 values of 0.39 nM, 0.29 nM, 0.15 nM, and 0.11 to1.1 nM, respectively. Based on the systemic exposure achieved at the 90-mg QD dose, LDV thus would show antiviral activity in patients with genotype 4a, 4d, 5a, or 6a HCV infection. Combination treatment of LDV with SOF indeed results in high SVR rates at 12 weeks posttreatment (SVR12) in patients with chronic genotype 4, 5, and 6 HCV infection (9, 32, 33) . Despite the comparatively lower in vitro activity of LDV against genotypes 2a, 2b, 3a, and 6e (EC 50 , 16 to 530 nM), high rates of SVR12 (26 of 26 patients) were achieved in patients with HCV genotype 3 infection who received 12 weeks of LDV-SOF plus RBV in a small phase 2 study (33) . Resistance-associated variants to LDV were selected in both genotype 1a and 1b replicon cells. Genotypic and phenotypic analyses of the NS5A gene in these resistant replicon cells identified the single mutation of Y93H or Q30E that confers high levels of resistance to LDV (Fig. 1) . A number of other mutations (data not shown) were identified in combination with Y93H, but all appeared at very low frequency and did not confer significant resistance by themselves alone. This in vitro resistance profile of LDV is consistent with the emergence of Y93H in NS5A as the predominant RAV observed in genotype 1b HCV patients after a 3-day monotherapy treatment at 10-mg QD dosing (13) . In patients with genotype 1a HCV infection, a different set of NS5A RAVs (M28T, Q30H, Q30R, L31M, and Y93C) were observed at different doses (1 mg to 30 mg); Y93H was selected in genotype 1a patients treated with higher doses (30 mg and 90 mg) of LDV, which correlates with the higher level of resistance conferred by Y93H. In consistency, low-level RAVs such as M28T and L31M (25-and 140-fold shift) were not isolated in vitro likely because the LDV concentrations used in the resistance selection studies were higher than the levels at which those RAVs can survive. Selection of these RAVs in the NS5A gene also supports the idea that LDV interferes with HCV replication by inhibiting NS5A function, which is further validated by a recent demonstration of direct binding of LDV to NS5A (12) . LDV has no significant activity against NS3/4A serine protease, NS3 helicase, NS5B polymerase, or HCV IRES in biochemical assays (data not shown). LDV is also highly specific for HCV and does not have significant antiviral activity against a wide range of related (BVDV, West Nile virus, and dengue virus) or unrelated (HIV, HBV, RSV, influenza viruses, and HRVs) viruses (Table 3) .
In vitro antiviral combination experiments indicate that LDV has additive to moderately synergistic antiviral activity when combined with IFN-␣, RBV, and other DAAs, including the NS3/4A protease inhibitor, and nucleotide NS5B polymerase inhibitor SOF (Table 5 ). There were no antagonistic effects or combinational cytotoxicity observed when LDV was combined with any of the tested compounds. These results support the idea that LDV can be used in combination with different classes of DAAs in HCV LDV during in vitro resistance selection assays were evaluated by introducing them into wild-type genotype 1a or 1b replicons followed by transient transfection. The antiviral activities of LDV and daclatasvir (DCV) against these RAVs were determined. Fold resistance was calculated as the ratio of RAV EC 50 to wild-type EC 50 . All values represent an average from at least two independent experiments with standard deviations. RAVs were evaluated by introducing them into wild-type genotype 1a or 1b replicons followed by transient transfection. Fold resistance was calculated as the ratio of RAV EC 50 to wild-type EC 50 . Values represent the means from two or more independent experiments. LDV is fully active against NS3 protease inhibitor RAVs and NS5B nucleoside and NS5B nonnucleoside inhibitor RAVs. LDV is less effective against NS5A RAVs selected in genotype 1a patients during 3-day monotherapy in a phase 1 study. patients to effectively suppress HCV RNA replication. Evaluation of the cross-resistance profile of LDV with known RAVs from several classes of HCV inhibitors demonstrated that LDV remained fully active against all tested NS3/4A protease inhibitor RAVs and all tested NS5B polymerase inhibitor RAVs, including the nucleotide NS5B inhibitor RAV S282T (Fig. 2) . Conversely, it has been shown that NS5A inhibitor RAVs are fully susceptible to NS3/4A protease inhibitors and nucleotide NS5B inhibitors, such as SOF (26, 34) . LDV also showed no antagonistic interactions with a range of HIV inhibitors when tested in combination in in vitro HCV or HIV antiviral assays. In summary, LDV active antiviral activity against multiple HCV genotypes and its orthogonal resistance profile and additive to synergistic antiviral activity when combined with other classes of HCV inhibitors support its use in combination with SOF and other DAA agents for the treatment of chronic HCV infection.
